High-resolution compact-size focal plane arrays (FPAs) suffer the fundamental geometrical tradeoff between the optical resolution (pixel size miniaturization) and the optical crosstalk (spillover of neighboring pixel focusing). For FPAs, our previously reported metallic metasurfaces reached an unprecedented level of crosstalk suppression. However, practical utilization of these metallic microlens arrays has proved to be intrinsically limited due to the low device efficiency (of the order of 0.10) resulting from the fundamental absorption losses of metals and their cross-polarization scheme. Exceeding this limit, here we show highly efficient microlens designs enabled by dielectric metasurfaces for mid-wave infrared (MWIR) operation. These dielectric MWIR FPAs allow for a substantially high device efficiency over 0.80 without compromising the optical crosstalk performance. Systematically studying dielectric nanoantennas of silicon nanodisks that do not dictate the cross-polarization scheme using full-wave solutions, we found that the optical crosstalk is suppressed to low levels 3.0% while sustaining the high efficiency. A figure-of-merit (FoM) defined for the device performance as the focusing efficiency per optical crosstalk times the f-number achieves 84, which is superior to all other types of MWIR FPAs reported to date, all falling below a maximum FoM of 70. These findings indicate that the proposed approach can pave the way for the practical usage of metasurface microlens arrays in MWIR. Published by AIP Publishing. Optical crosstalk is a critical parameter of mid-wave infrared (MWIR) focal plane arrays (FPAs), which affects the performance of electro-optical systems used in detection of small objects having a low signal-to-noise ratio (SNR). The fundamental tradeoff between the optical crosstalk and the pixel pitch size stands as a major obstacle to the development of next-generation MWIR FPAs with a higher resolution and a smaller size. Moreover, as the f-number of conventional MWIR FPAs increases (for reducing optical aberrations), so does the optical crosstalk.
1 To date, for removing this obstacle, integration of different types of microlens arrays to MWIR FPAs has been reported.
1,2
Refractive type microlens arrays narrowed the spot size of the incoming beam but suffered from the emergence of diffraction spots and was not able to improve the optical crosstalk.
1 In a previous work reported by our group, metallic metasurface microlens arrays were shown to suppress the optical crosstalk to less than 1% but the focusing efficiency, which is the ratio of the focused photon energy to that of the incident photon energy, was too low (<11%) to make these devices practical.
2 Although transmission-mode metallic metasurfaces have been studied extensively and they offer promising features including broadband functionality, the device efficiency has become a common problem. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Here, high absorption losses and cross-polarized focusing schemes are the main reasons for this typical drawback.
Recently, dielectric nanoantennas have been used as building blocks of high efficiency metasurfaces. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Metalenses with a diffraction-limited focusing efficiency up to 86% were realized using TiO 2 nanofins 29 while subwavelength thick lenses with a focusing efficiency reaching 82% were realized using silicon posts. 21 Although the focusing efficiencies were promising, the designs were for the visible and near infrared while the TiO 2 nanofins and the silicon posts were oversized for designing an MWIR microlens. Using Si nanodisks having a relatively smaller size, beam shaping was studied but the device efficiency was slightly lower and the design was for the near infrared. 19 However, dielectric metasurfaces of MWIR microlens arrays were not previously studied. Their great potential for FPAs, which is technologically critical for the next-generation, high-density, high-SNR FPAs, has not been exploited, and their device performance in MWIR remains unknown.
In this study, different from our previous work and the recent reports on metasurfaces, we address the optical crosstalk and efficiency problems in developing dielectric metasurfaces of MWIR FPAs. For increasing the device efficiency, here we propose and show a dielectric microlens array integrated to MWIR FPAs. While improving the efficiency dramatically, we fulfill at the same time the superior optical crosstalk performance of metallic metasurfaces of MWIR FPAs that suffer undesirably high, fundamental absorptive loss. Another key consideration taken into account here is to prevent the increase in the optical crosstalk due to the increase in the f-number, thereby paving the way Published by AIP Publishing. 110, 143106-1 for higher f-number MWIR FPAs with a low optical crosstalk.
For achieving all these goals, dielectric metasurfaces of MWIR FPAs based on Si nanodisks were designed. Here, we first focused on the specific design of a set of Si nanodisks (see Fig. 1(a) ). Then, the phase shift profile of the microlens arrays was designed for optimizing the device performance in the detection of small objects having a low SNR by increasing the object signal and decreasing the noise. To increase the object signal, the focused optical energy in the central pixel was required to be maximized by increasing the focusing efficiency of the microlens array. To decrease the noise, the background signal and the optical energy spilling over into the neighbor pixels were required to be minimized by increasing the f-number and decreasing the optical crosstalk, respectively. For describing this optimized device performance, a figure-of-merit (FoM) was defined as the ratio of the product of the focusing efficiency and the f-number to the optical crosstalk. Following the design, the microlens array was realized by placing the nanodisks (see Figs. 1(b) and 1(c)). Finally, focusing efficiency and optical crosstalk performance were comparatively studied considering different types of microlens arrays and conventional MWIR FPAs reported to date. As a proof-of-concept demonstrator, we showed a !80% efficiency dielectric microlens array scheme that has the highest performance in comparison to all previous MWIR FPAs, without a significant compromise of the optical crosstalk performance ( 3%). The proposed dielectric metasurface FPAs reaching a FoM of 84 exceeded all other classes of FPAs, obtaining a maximum FoM of 70.
For designing the set of Si nanodisks, the initial parameters for diameter and height were computed using the resonance and transmission conditions. For the MWIR band (3-to-5 lm), the diameter was varied from approximately 1000 to 1800 nm while the height was half of the former values. However, keeping the diameter-to-height ratio constant for maximizing the transmission efficiency resulted in limited phase shift coverage. Therefore, the diameter was also changed for fixed height values during simulations. The unit cell in which the nanodisk was placed was a square with the edge length varying from 1500 to 2500 nm. While varying the edge length, we considered the size tradeoff between the mutual coupling and the scattering efficiency. For modeling and simulating these Si nanodisks, full-wave simulations were performed using the Lumerical finite difference time domain (FDTD) solver. Each nanodisk was placed at the center of a simulation region and surrounded by a homogeneous medium. A monochromatic plane wave source was used to excite the nanodisk and a near-field monitor was placed to record the near-field data which were transformed to a far-field. As boundary conditions, periodic boundary conditions were used along the axial directions and the perfectly matched layer (PML) boundary condition was imposed in the normal direction. After a series of simulation runs, an optimized Si nanodisk set was designed for the wavelength of 3.2 lm and for the homogeneous medium refractive index of 1.42. The resulting phase shift and amplitude responses of these Si nanodisks with specified diameters are given in Table I (with the height fixed at 550 nm). The main advantage gained by using Si nanodisks was the dramatically increased device efficiency. The unit cells containing the metallic nanoantennas scattered cross-polarized light with an efficiency of 11% while the unit cells containing the Si nanodisks transmitted with an efficiency more than 65% and even reaching 90% for the diameter of 1020 nm (corresponding to the diameter-to-height ratio of the Kerkers condition at which the electric and magnetic dipoles spectrally overlap, allowing for almost unity transmission 30 ). The ideal phase profile of a metalens is given in Eq. (1). To reduce the optical crosstalk while keeping the f-number (f/#) larger than a reasonably high value (1.5), a design methodology based on the restriction of a parameter of Eq. (1) was developed. According to this methodology, the focal length variable was limited to a certain range of values that provide a phase shift of at least p radians between the center and the edge of a microlens in the microlens array while keeping a ratio that is greater than the threshold of 1.5 between itself and the aperture size of the microlens. This methodology was used in designing our dielectric metasurfaces of MWIR FPAs having focal lengths tuned from 15 to 90 lm and aperture sizes varied from 20 to 30 lm depending on the value of the focal length parameter.
For realizing the designed profile with Si nanodisks, this profile must be discretized (see Fig. 2(a) ). After realization, full-wave simulations were performed. In Fig. 2(b) , far-field distribution of light (the same for TM and TE polarizations) scattered from the central microlens of the optimized design is presented. As seen in Fig. 2(b) , unlike the metallic metasurfaces that require the cross-polarization scheme to function, the dielectric metasurface can focus both polarizations of light. When the source wavelength was changed to 3.5 lm, the focusing behavior of the microlens array was disturbed (see Fig. 2(c) ). This narrowband response limits the usage of dielectric microlens arrays in the full spectrum of the MWIR band. This is a drawback of the dielectric metasurfaces when compared to the metallic metasurfaces (also designed using Eq. (1)) that can work over a broader range of wavelengths. Far-field light distribution of all the microlenses is given in Fig. 2 
For FPAs, the point spread function (PSF) characterizes the optical crosstalk, 1 which can be defined as the ratio of the corresponding PSF distributions inside the neighbor and central pixels (Eq. (2) ). The optical crosstalk values of designed microlens arrays were compared with other types of MWIR FPAs. Although the dielectric metasurfaces have a lower optical crosstalk ( 3%) than the refractive microlens arrays and the conventional MWIR FPAs, the metallic metasurfaces have the lowest optical crosstalk ( 2%) for fnumbers greater than 1.5. The primary reason for the slightly degraded optical crosstalk performance was the undersampling of the phase profile due to a greater unit cell size of the dielectric metasurfaces (more than twice of the metallic unit cells). Because of this undersampling, the overlap between the discretized response and the ideal response was decreased. This overlap reduction slightly increased the unwanted scattering side lobes that increase the optical crosstalk. When the focusing efficiency is considered, the dielectric metasurfaces (!80%) outperform the metallic ones ( 11%) by a substantial factor of 8, enabling the practical usage of dielectric metasurface microlens arrays. Main reasons for this improvement are the lack of the crosspolarization scheme and the removal of the intrinsic absorption losses occurring in the metallic nanoantennas.
For detecting low SNR objects, the photons irradiated from the object should be collected as much as possible. Thus, the focusing efficiency of microlens arrays should be as high as possible. More importantly, these photons should be collected by the right pixel by minimizing the optical crosstalk for improving the spatial SNR. However, conventional MWIR FPAs with a relatively lower optical crosstalk have small f-numbers, which is disadvantageous for reducing optical aberrations.
1 Therefore, the overall device performance is directly proportional to the focusing efficiency and the f-number while inversely proportional to the optical crosstalk. For this reason, an FoM is defined as follows:
While designing and optimizing our dielectric metasurfaces, we aimed to maximize this FoM (Eq. (3)). Fig. 3 shows the performance evaluation of our proposed metasurfaces following our methodology which reaches the highest FoM after achieving low optical crosstalk values (with higher f-numbers) compared to the reflective microlens array and conventional MWIR FPAs while having a dramatically improved focusing efficiency compared to the metallic metasurfaces. However, metasurface microlens array integration can have a slightly degraded FoM performance in practice due to imperfect phase realization resulting from possible fabrication imperfections in sizes of silicon nanodisks.
In conclusion, we have proposed and demonstrated efficient, low-crosstalk high-SNR microlens array integrated MWIR FPA designs based on dielectric metasurfaces that can be used in the MWIR region of the infrared spectrum. We confirmed the expected behavior of these designs, analyzed the focusing efficiency and crosstalk performances by performing full-wave simulations and compared these results with those of the microlens arrays based on metallic metasurfaces and other types of microlens arrays and conventional FPAs. We showed that high focusing efficiency (over 80%) can be obtained while achieving the best FoM (at a level of 84) surpassing the FoM of all other types of MWIR FPAs and preserving the ultralow optical crosstalk (at a level of 2.6%), which is still superior to refractive microlens arrays without the inclusion of the mesa-isolation technique. The proposed MWIR microlens arrays can be used in FPAs possibly to detect and track small and dim objects at unprecedented low rates of false alarm, which will be the future step of this work. 
